Abstract: Variation in female reproductive morphology may play a decisive role in reproductive isolation by affecting the relative fertilization success of alternative male phenotypes. Yet, knowledge of how environmental variation may influence the development of the female reproductive tract and thus alter the arena of postcopulatory sexual selection is limited. Yellow dung fly females possess either three or four sperm storage compartments, a polymorphism with documented influence on sperm precedence. We performed a quantitative genetics study including 12 populations reared at three developmental temperatures complemented by extensive field data to show that warm developmental temperatures increase the frequency of females with four compartments, revealing striking hidden genetic variation for the polymorphism. Systematic genetic differentiation in growth rate and spermathecal number along latitude, and phenotypic covariance between the traits across temperature treatments suggest that the genetic architecture underlying the polymorphism is shaped by selection on metabolic rate. Our findings illustrate how temperature can modulate the preconditions for sexual selection by differentially exposing novel variation in reproductive morphology. This implies that environmental change may substantially alter the dynamics of sexual selection. We further discuss how temperature-dependent developmental plasticity may have contributed to observed rapid evolutionary transitions in spermathecal morphology. 
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27
Variation in female reproductive morphology may play a decisive role in reproductive isolation 28 by affecting the relative fertilization success of alternative male phenotypes. Yet, knowledge of 29 how environmental variation may influence the development of the female reproductive tract and 30 thus alter the arena of post-copulatory sexual selection is limited. Yellow dung fly females 31 possess either three or four sperm storage compartments, a polymorphism with documented 32 influence on sperm precedence. We performed a quantitative genetics study including 12 33 populations reared at three developmental temperatures complemented by extensive field data to 34
show that warm developmental temperatures increase the frequency of females with four 35 compartments, revealing striking hidden genetic variation for the polymorphism. Systematic 36 genetic differentiation in growth rate and spermathecal number along latitude, and phenotypic 37 covariance between the traits across temperature treatments suggest that the genetic architecture 38 underlying the polymorphism is shaped by selection on metabolic rate. Our findings illustrate 39 how temperature can modulate the preconditions for sexual selection by differentially exposing 40 novel variation in reproductive morphology. This implies that environmental change may 41 substantially alter the dynamics of sexual selection. We further discuss how temperature To look for selection we performed direct comparisons of standardized measures of population 143 divergence (Qst) in spermathecal number with simultaneously scored Qst for life history traits 144 and previous estimates of neutral genetic divergence (Fst) across Europe (Demont et al. 2008) . 145 We further investigated the temperature-specific genetic architecture underlying the spermatheca 146 dimorphism and tested for latitudinal clines in three life history traits (body size, development 147 time, growth rate) and spermathecal number. We also investigated putative relationships between 148 spermathecal number and life history variation by calculating phenotypic and genetic correlations 149 between the traits within the respective developmental temperature treatments. We finally 150 dissected a large number of wild caught flies to look for spatio-temporal patterns in the 4s-151 expression in the wild and to relate this natural variation to the temperature-specific patterns of 152 phenotypic and genetic variance in the spermatheca polymorphism revealed by the laboratory 153 variances in spermathecal number across Europe. We followed the general procedures for 165 capturing, rearing and maintaining yellow dung flies as described in Blanckenhorn et al. (2010) . 166
Here we briefly describe the specifics of our common garden design. 167
168
In both years, females were brought to the laboratory where they were allowed to lay eggs on 169 cow dung that had been deep-frozen (-80°C) before use in order to exclude inadvertent 170 competitors. All F1-offspring were reared through at 18°C. At adult eclosion, males and females 171 from different F1-familes were randomly mated to form the new F2-generation consisting of the 172 female offspring examined in this study. The use of F2-progeny minimizes differences among 173 populations due to possible maternal effects. We allowed only unique F1-combinations of males 174 and females to mate and form the F2-generation yielding 374 families split among the 12 175 populations (table A1) Once per day rearing bottles were checked for emerging flies to score development times. The 183 flies were frozen upon adult emergence to be later dissected for spermathecal number and 184 measured for hind tibia length as an estimate of body size. Dividing tibia length by development 185 time produced a linearized estimate of growth rate. Some of the 12°C flies entered diapause 186 which is obvious from the bimodal distribution of development times at this temperature. We 187 waited for all flies to emerge and also counted the spermathecae and measured body sizes of 188 diapausing females, though we did not calculate growth rates or score development times for 
Results
270
Thermal plasticity and genetic variance in the spermatheca polymorphism 271
To investigate temperature-dependent developmental plasticity in spermathecal number we first 272 performed one analysis on the whole dataset including all three temperature treatments. We then 273 continued by analyzing each treatment separately to estimate temperature-specific population and 274 family effects (for population effects see below). As revealed by the analysis on the whole 275 dataset, spermathecal number showed striking developmental plasticity with the frequency of the 276 4s-phenotype strongly increasing with temperature (Chi-2 = 305.8, df = 16, p < 0.001) (fig 3) . 277
There was no significant interaction between population and temperature on spermathecal 278 number (Chi-2 = 22.6, df = 38, p = 0.42) indicating that spermathecal number responded 279 similarly to temperature across populations. There was also a strong main effect of family (Chi-2 280 = 90.2, df = 16, p < 0.001). Conducting analyses for each treatment separately showed that the 281 family effect strongly increased with developmental temperature (table 1) indicating not only 282 greater 4s-expression and phenotypic variance, but also more genetic variance for the dimorphism 283 at warm temperatures. The corresponding Bayesian analyses supported these results showing 284 higher intraclass correlations for the family effects at warmer temperatures (table 1). Thephenotypic variance (V P ) of a binomial trait is equal to the product of the frequencies of the two 286 outcomes: p*(1-p). The broad sense heritability (h 2 ) can further be approximated as twice the 287 intraclass correlation for the family effect with our full-sib design. We can thus estimate the total 288 genetic variance (V G ) for the spermatheca dimorphism as V P *h 2 . This exercise confirmed that 289 there is more measurable (i.e. exposed) genetic variance for the polymorphism at warm 290 temperatures ( fig. 4) . The analysis including all three temperature treatments showed an overall weak effect of 301 population on spermathecal number (Chi-2 = 22.6, df= 16, p = 0.013) providing evidence for 302 geographical differentiation in the polymorphism. Still, calculations of population differentiation 303 and Qst:s for spermathecal number conducted for each of the three developmental temperature 304 separately estimated Qst:s close to zero, implying that spermathecal number evolves neutrally. 305
However, the very low 4s-expression at the 12°C treatment did not supply enough statistical 306 power to properly estimate the Qst for this binomial trait at this setting (table 1) (see also below). 307
In contrast to the low Qst:s for spermathecal number in 18°C and 24°C, the majority of the lower 308 credible limits for life history Qst:s were non-overlapping with the previous estimate of neutral We therefore continued by testing for correlations between growth rate and spermathecal number 340 within the temperature treatments. We controlled for population effects in standard ANOVAs 341 with growth rate as the response variable and spermatheca phenotype as a two-level factor. There 342 was no difference between 3s and 4s females at either 12°C ( 4%, fig 3) which could be expected 376
given that the 12°C laboratory environment, resembling natural temperature conditions, also 377 showed low 4s-expression. Of in total 934 caught and dissected females from the wild, only 13 378 showed the 4s-phenotype and these were equally distributed across latitude and season. Oursample size is large and covers 529 Swiss females caught from spring to autumn and an 380 additional 405 females sampled between Norway and Spain (table A1) show similar dynamic patterns of fast evolutionary transitions where the functional role of the 535 spermathecaea has undergone major shifts. Regional environmental differences may have played 536 an initial role in generating this variation by creating spatio-temporal differences in exposure of 537 phenotypic variation to selection thereby potentiating geographic differentiation. 538 539
Concluding remarks 540
Temperature is known to have global effects on ectotherm physiology and much focus has been 541 given to temperature driven phenotypic plasticity and local adaptation in this group of organisms. 542
However, effects of temperature, directly or through pleiotropy, on the development of 543 reproductive morphology and sexual selection dynamics over spatio-temporal scales have 544 received less attention. This is unfortunate because changes in the female reproductive tract may 545 affect the relative fertilization success of alternative male phenotypes. Induced covariation 546 between genitalic and other physiological traits through a common environmental variable is 547 further predicted to generate a reinforcement mechanism facilitating local adaptation. Our study 548 identifies temperature as a potent agent not only enforcing systematic selection on life history and 549 physiological traits, but also systematically moulding and exposing cryptic variation in female 550 reproductive morphology. These conditions set the stage for rapid evolutionary dynamics. 
